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Within the ﬁeld of neuroscientiﬁc research on second language learning, considerable
attention has been devoted to functional and recently also structural changes related
to second language acquisition. The present literature review summarizes studies that
investigated structural changes related to bilingualism. Furthermore, as recent evidence
has suggested that native-like exposure to a second language (i.e., a naturalistic learning
setting or immersion) considerably impacts second language learning, all ﬁndings are
reﬂected with respect to the learning environment. Aggregating the existing evidence,
we conclude that structural changes in left inferior frontal and inferior parietal regions have
been observed in studies on cortical gray matter changes, while the anterior parts of the
corpus callosum have been repeatedly found to reﬂect bilingualism in studies on white
matter (WM) connectivity. Regarding the learning environment, no cortical alterations can
be attributed speciﬁcally to naturalistic or classroom learning. With regard toWM changes,
one might tentatively propose that changes in IFOF and SLF are possibly more prominently
observed in studies investigating bilingualswith a naturalistic learning experience. However,
future studies are needed to replicate and strengthen the existing evidence and to directly
test the impact of naturalistic exposure on structural brain plasticity.
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INTRODUCTION
Experience-dependent changes in brain structure were ﬁrst inves-
tigated in rodents placed in environmentally enriched versus very
sparsely equipped standard cages. These early animal studies
reported effects of environmental enrichment on brain weight
(Rosenzweig et al., 1962) or cortical thickness (Rosenzweig et al.,
1972) suggesting a structural adaptation process of the brain in
response to experience. Since then, experience-dependent changes
in humanbrain structure have been investigated in relation to vari-
ous learning experiences, ranging fromcomplex visuo-motor tasks
like juggling to musical proﬁciency as well as to various aspects of
language learning (see, e.g.,May, 2011; Zatorre et al., 2012; Lovden
et al., 2013).
A large proportion of the world’s population is estimated to be
bi- ormultilingual (Bialystok, 2010; Grosjean andLi, 2013) and the
importance of the ability to communicate in more than one lan-
guage is even increasing in a globalized world. A growing body of
literature has thus investigated this fascinating human ability and
its neural underpinnings on a functional as well as on a structural
level. Within this body of literature, studies targeting structural
correlates of only one precisely deﬁned language component (e.g.,
speech soundperceptionor grammatical skills) allow topostulate a
direct relation between this very language domain and local brain
structure (Golestani et al., 2007; Pliatsikas et al., 2014a). Other
studies use a more global approach and relate bilingualism or a
measure of global second language proﬁciency to brain structure.
More speciﬁcally, in the ﬁrst case, these studies simply compare
brain structure of bilinguals to that of monolinguals. Potential
differences are then related to bilingualism or general second lan-
guage proﬁciency. In the second case, these studies typically assess
second language proﬁciency either by a variety of language tests or
by overall scores such as school grades and relate these measures
to brain structure. In the context of the present research topic
on naturalistic exposure, this Mini-Review will summarize these
studies on global L2-learning with a special focus on the question
whether certain change patterns can be related to the environ-
ment in which the second language has been learned (naturalistic
learning through immersion vs. classroom setting). Naturalistic
language learning through immersion is characterized by high
levels of L2-exposure and implicit learning; it is thus similar to
L1 acquisition. In contrast, traditional L2 classroom instruction is
mainly based on formalized training exercises and explicit instruc-
tion (e.g., Dahl andVulchanova, 2014). Due to these differences, it
is thus well conceivable that the structural change patterns evoked
by these two learning types differ.
SELECTION PROCESS FOR INCLUSION OF STUDIES IN THIS
MINI-REVIEW
A systematic literature search was conducted in the databases
PubMed/MEDLINE and Google scholar in April 2014. After hav-
ing read through the resulting literature, appropriate studies were
selected according to the following criteria: (1) published in a peer
reviewed journal, (2) brain regions speciﬁcally associated with
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overall L2-acquisition, (3) original research articles, and (4) con-
centration exclusively on global language proﬁciency (vs. a single
language domain). As bilinguals per deﬁnition have higher L2 pro-
ﬁciency than monolinguals, group comparisons between mono-
and bilinguals were also considered as meeting this last criterion.
Studies on aging effects were not considered in this Mini review.
While 27 studies met criteria 1–3, a subgroup of eleven concen-
trated on global language proﬁciency. One of these, a post-mortem
single case study (Amunts et al., 2004), differed signiﬁcantly in
methodology and was therefore excluded. Ultimately 10 research
papers met all four criteria and were included in this Mini-Review
(see Li et al., 2014 for a more extensive review). All studies investi-
gated structural brain changes related to overall second language
proﬁciency. In the following, the studies will be grouped accord-
ing to their focus on either gray matter (GM; Table 1) or white
matter (WM) changes (Table 2) and will be discussed with respect
to main ﬁndings and inferences that might be drawn regarding
immersion into a second language.
GRAY MATTER CHANGES RELATED TO SECOND LANGUAGE
LEARNING
A seminal study on structural changes related to L2-acquisition
compared early (age of acquisition (AoA) < 5 years) and late
bilinguals (AoA: 10–15 years) to English monolinguals (Mechelli
et al., 2004). Gray matter density (GMD) was higher in the left
inferior parietal cortex (l-IPC) in bilinguals compared to mono-
linguals. This increase was even more pronounced in early relative
to late bilinguals. In a second sample of Italian-English bilinguals
(AoA: 2–34 years) the increase in L-IPC correlated positively with
the degree of L2-proﬁciency and negatively with AoA. Mechelli
et al. (2004) thus presented ﬁrst strong evidence for structural
changes related to bilingualism. However,with respect to the cross-
sectional design of the study, it remained unclear whether the
observed changes were directly induced by the experience of learn-
ing another language. The ﬁrst study approaching this question in
a longitudinal design (Osterhout et al., 2008) measured MRI in
four University students enrolled in a 9 week intensive (3.5 h/day)
Spanish course at two points in time (at the beginning and the
end of the course). Because of the small sample size, the authors
conducted a region-of-interest analysis in l-IPC and reported
increasing GMD over the course of L2-acquisition, suggesting
that structural changes in l-IPC are experience-dependent.
In a study with very high immersion to a L2-environment,
native English-speaking exchange students learning German in
Switzerland participated in language proﬁciency tests and MRI-
measurements once at the beginning of their stay and a second
time about 5 months later (Stein et al., 2012). The individual
amount of learning (i.e., the L2-test score difference between
ﬁrst and second measurement) correlated with the increase in
GMD in the left inferior frontal gyrus (l-IFG) as well as in
the left anterior temporal lobe (l-ATL). While additional anal-
yses exploring the effects of maturation and general environ-
mental enrichment could not rule out the possibility that the
l-ATL-cluster is due to these effects, the l-IFG-cluster seemed
to be speciﬁcally linked to increasing L2-proﬁciency. The l-IFG
changes thus reﬂected the individual amount of L2- learning
(regardless of absolute proﬁciency). Martensson et al. (2012)
investigatedL2-acquisition through intense classroom-instruction
and examined conscripts in the interpreter academy of the
Swedish military, where a new language is learned to ﬂuency
within 10 months. These interpreters and monolingual con-
trols participated in MRI-measurement immediately before the
interpreter academy started and 3 months later. The grade
on the mid-year exam (taken a few weeks after the second
MRI-measurement) served as an indicator for language pro-
ﬁciency. Compared to controls, interpreters displayed larger
pre-to-post-increases in cortical thickness in left middle frontal
gyrus (l-MFG), l-IFG, left superior temporal gyrus (l-STG) as
well as larger increases in hippocampi volumes. Furthermore,
changes in right hippocampus and l-STG cortical thickness cor-
related with L2-proﬁciency level. Klein et al. (2014) compared
cortical thickness of simultaneous bilinguals (AoA 0–3 years),
early sequential bilinguals (AoA 4–7 years), and late sequential
bilinguals (AoA 8–13 years) to monolingual controls. Interest-
ingly, they observed differences in cortical thickness in l-IFG
(higher thickness in bilinguals) and r-IFG (lower thickness in
bilinguals) when comparing early and late bilinguals to monolin-
gual controls, while no brain region differed signiﬁcantly between
simultaneous bilinguals and monolingual controls. Comparing
Spanisch-Catalan bilinguals to Spanish monolinguals, Ressel et al.
(2012) found no signiﬁcant differences in a whole-brain VBM-
analysis, but observed larger bilateral Heschl’s gyrus in the
bilinguals.
WHITE MATTER CHANGES RELATED TO SECOND LANGUAGE
LEARNING
Most studies onWM changes used diffusion tensor imaging (DTI)
to measure amount and directionality of water diffusion. When
this diffusion is restricted in one direction more than in another
(e.g., by an axonal cellmembrane), water diffusion becomes aniso-
topic. Fractional anisotropy (FA) indicates to which degree water
diffusivity is unimpeded (lowFA)or restricted (highFA). FAvalues
are typically higher along axonal bundles and thus allow investi-
gating connectivity in the human brain (Conturo et al., 1999; Le
Bihan et al., 2001).
To observe how bilingualism impacts WM pathways,
Mohades et al. (2012) recruited simultaneous bilingual chil-
dren (L2-exposure since birth), sequential bilingual children
(AoA > 3 years) and monolingual children. Mean FA was
assessed in four selected tracts with relevance to language pro-
cessing. Higher FA-values were found in the left inferior frontal-
occipital fasciculus (l-IFOF) in simultaneous bilinguals compared
to sequential bilinguals and monolinguals. Furthermore, in the
bundle arising from anterior corpus callosum (CC) and projecting
into the orbital lobe (AC-OL) simultaneous bilinguals displayed
lower FA-values than monolinguals. While the l-IFOF-ﬁnding
suggests faster transmission of semantic information in simulta-
neous bilinguals (Duffau et al., 2005; Mandonnet et al., 2007), the
interpretation of the AC-OL ﬁnding remains unclear (Mohades
et al., 2012). Coggins et al. (2004) analyzed the variability of CC
and compared the relative size of CC-subregions in bilinguals
compared to monolinguals. The authors observed larger relative
anterior-midbodyCC in bilinguals and interpret this in the light of
greater processing demands of multiple languages which require
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Table 1 | Overview of studies investigating gray matter changes related to global second language proficiency.
Author Sample Learning
environment
Method Analyses Main results
Mechelli et al. (2004) (A) 25 early and 33
late bilinguals; 25
monolingual
controls
Early bilinguals:
naturalistic setting
Late bilinguals:
mixed
(class-room
setting for some,
naturalistic
learning for
others)
VBM (GMD) Cross-sectional group
comparisons (bilingual vs.
monolinguals, whole-brain
approach)
l-IPC:
bilinguals > monolinguals
(B) 22 bilinguals Unknown VBM (GMD) Correlation of VBM-changes
with proﬁciency and AOA in
bilinguals (whole-brain
approach)
l-IPC: positive correlation
with L2-proﬁciency
l-IPC: negative correlation
with L2-AOA
Osterhout et al. (2008) Four students
learning Spanish in
a university course
Non-naturalistic,
classroom setting
VBM (GMD) Pre–post-comparison in l-IPC
(ROI-approach)
l-IPC: increases from pre to
post
Stein et al. (2012) 10 exchange
students learning
German
Naturalistic
setting
VBM (GMD) Correlation of VBM-changes
with proﬁciency-changes
(whole-brain approach)
GMD-increase in l-IFG
correlates with individual
increase in proﬁciency
Martensson et al. (2012) 14 conscripts in
the interpreter
academy; 17
monolingual
controls
Non-naturalistic
setting
Cortical
thickness,
subcortical gray
matter volume
Group comparison
(interpreters vs. controls,
whole brain approach) of
cortical thickness and
subcortical gray matter
changes (pre–post)
Correlation of brain changes
with proﬁciency changes
(ROI-approach based on group
comparison)
Interpreter (vs. controls)
showed higher increase in
cortical thickness (pre–post)
in l-MFG, l-IFG, l-STG and in
bilateral hippocampal volume
Proﬁciency correlated with
increase in r hippocampus
and l-STG
Ressel et al. (2012) 22 Catalan-Spanish
bilinguals; 22
Spanish
monolinguals
Naturalistic
setting
VBM; volumetric
measurement of
HG
Group comparison (bilinguals
vs. monolinguals, whole-brain
brain approach) of VBM values.
Group comparison of manually
segmented HG volumes
No VBM differences at
corrected threshold.
Bilinguals had higher HG
volumes than monolinguals
Klein et al. (2014) 22 simultaneous
bilinguals; 22 early
sequential
bilinguals; 22 late
sequential
bilinguals; 22
monolinguals
Naturalistic
setting
Cortical thickness Cross-sectional group
comparisons (bilingual vs.
monolinguals)
Cortical thickness in l-IFG
late bilingual > monolingual
and early
bilingual > monolingual
Cortical thickness in r-IFG in
monolingual > late bilingual,
monolingual > early bilingual
Simultaneous
bilingual > late bilingual and
early bilingual > late bilingual
VBM, voxel-based morphometry; GMD, gray matter density; l, left; r, right; IPC, inferior parietal cortex; IFG, inferior frontal gyrus; MFG, middle frontal gyrus; STG,
superior temporal gyrus; HG, Heschl’s gyrus; ROI, region of interest.
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Table 2 | Overview of studies investigating white matter changes related to global second language proficiency.
Author Sample Learning
environment
Analyses Method Main results
Coggins et al. (2004) 12 Bilinguals (seven
early bilinguals; ﬁve
late bilinguals); seven
monolinguals
Classroom setting Compare CC
morphology (regional
to total area ratio)
between groups
Analyses of size (regional
to total area ratio) of ﬁve
CC subregions as deﬁned
on the midsagittal plane
of an MRI image
AMB ratio to total CC:
larger in bilinguals than in
monolinguals
Mohades et al. (2012) Children (8–11 years):
15 simultaneous
bilinguals; 15
sequential bilinguals;
15 monolinguals
Simultaneous
bilinguals:
naturalistic
Sequential
bilinguals:
classroom-setting
Group comparison of
four preselected
white matter tracts
(AF/SLF, IFOF, AC-OL,
AMB)
DTI Left IFOF: FA in
simultaneous
bilinguals > sequential
bilinguals > monolinguals
AC-OL: FA in simultaneous
bilinguals < sequential
bilinguals < monolinguals
Schlegel et al. (2012) 11 English speaking
students learning
Chinese; 16
monolingual controls
Classroom setting Longitudinal study
comparing DTI
changes in second
language learners to
those of
mono-linguals
DTI (FA and RD) Progressive FA increase in
second language
learners > controls
FA increase in tracts
connecting bilateral IFG,
FMG, FPG, CN, left STG,
PP, right PT
FA increase related to
second language
proﬁciency
García-Pentón et al.
(2014)
13 Spanish
monolinguals; 13
Spanish-Basque
bilinguals
Naturalistic Group comparison of
connectivity
differences (whole
brain approach)
DTI-based connectivity
analysis, network based
statistics, graph analysis
Two networks show higher
connectivity and more
graph-efﬁcient information
ﬂow: (a) left-sided network
comprising SMG, STG,
IFG, MSFG, INS. (b)
network comprising right
SFG, left SPG, ANG, STP,
SOG
CC, corpus callosum; IFOF, inferior occipitofrontal fasciculus; AF, arcuate fasciculus; SLF, superior longitudinal fasciculus; AC-OL, connection anterior corpus callosum
and orbital lobes; AMB, anterior-midbody of corpus callosum; UNF, uncinated fasciculus; FMG, frontomarginal gyrus; FPG, frontopolar gyrus; CN, caudate nucleus; PP,
planum polare; PT, planum temporale; SMG, supramarginal gyrus; STG, superior temporal gyrus; IFG, inferior frontal gyrus; (M)SFG, (medial) superior frontal gyrus;
INS, insula; SPG, superior parietal gyrus; ANG, angular gyrus; STP, superior temporal gyrus; SOG, superior occipital gyrus; DTI, diffusion tensor imaging; FA, fractional
anisotropy; RD, radial diffusivity.
stronger interhemispheric communication of cortical regions
bridged by anterior-midbody CC.
A recent study by García-Pentón et al. (2014) investigated
anatomical connectivity in early Spanish-Basque bilinguals and
native Spanish monolingual controls using a DTI-based tractog-
raphy technique and network-based statistics. Bilinguals displayed
increased connectivity in two networks: One left hemispheric net-
work connecting frontal, parietal and temporal regions, and one
network involving left occipital, temporal and parietal regions
as well as right superior frontal gyrus. Within these networks,
a graph-analytic approach indicated that in addition to higher
connectivity, there is also more efﬁcient information ﬂow.
While the studies above all represent group comparisons
investigating long term changes in WM, Schlegel et al. (2012)
opted for a more dynamic approach to observe WM-changes
in adults learning a new language. In this longitudinal study,
monthly DTI scans were collected from English speaking students
enrolled in a 9 month intensive Chinese course and from controls.
Chinese-learners displayed a signiﬁcant increase in connectiv-
ity (measured as increased FA and decreased radial diffusivity)
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in a network connecting left hemisphere language regions and
their right hemisphere analogs (e.g., IFG, caudate nucleus, STG).
The most prominent changes occurred in the frontal tracts that
cross the anterior-CC, speaking for an increased interhemispheric
connectivity in Chinese-learners. The authors also show that FA
increases progressively over time and that this increase is related
to the level of second language proﬁciency.
DISCUSSION
Even if the evidence is still sparse and considerable differences
between studies exist, an aggregation of the ﬁndings on gray mat-
ter changes suggests that structural changes in l-IPC and l-IFG
seem to be most consistently related to measures of global sec-
ond language learning or bilingualism. Both regions have also
been repeatedly linked to second language proﬁciency in studies
on functional brain activation (e.g., Chee et al., 2001; Perani et al.,
2003; Sakai et al., 2004; Stein et al., 2006, 2009; Raboyeau et al.,
2010; Li et al., 2014).
Concerning the learning environment, l-IPC was observed to
varywith L2-learning irrespective of the learning setting: The early
bilinguals as well as part of the late bilinguals in the Mechelli-study
learned L2 through naturalistic exposure while at least another
group of the late bilinguals in the Mechelli-study acquired L2
through classroom instruction (personal communication Cathy
Price, June 3rd 2014, Andrea Mechelli, June 4th 2014), the latter
being also true for participants in the study by Osterhout et al.
(2008). Despite this variation, l-IPC-changes have been observed
in all three groups, suggesting that these changes seem to accom-
pany L2-acquisition irrespective of learning setting. Even if the
l-IPC-changes are more pronounced in early compared to late
bilinguals, this variation is most likely attributed to differences in
AoA (Mechelli et al., 2004).
Concerning the inﬂuence of naturalistic immersion on the
l-IFG ﬁnding, a group with extensive immersion into an L2-
environment (exchange students in Stein et al., 2012) as well as the
group with the clearest non-naturalistic, classroom setting (inter-
preters in Martensson et al., 2012) displayed structural changes
in l-IFG. In turn, the early Spanish-Catalan bilinguals in Ressel
et al.’s (2012) study did not display l-IFG changes. One might
argue that the results of Ressel et al. (2012; where the only differ-
ence was observed in bilateral HG) might also be due to the fact
that the bilinguals’ two languages mainly differed in phonology,
while having a considerable lexical overlap. On the other hand,
together with the study by Klein et al. (2014), where the simulta-
neous bilinguals were the only bilingual group without increased
l-IFG thickness, this might also to suggest that it is not immer-
sion as such but rather “age of immersion” that might inﬂuence
whether structural l-IFG changes occur or not: As the l-IFG is
involved in cognitive language control (Abutalebi andGreen, 2008;
Luk et al., 2011b), controlled retrieval (Rodriguez-Fornells et al.,
2009) and morphosyntactic processing (Pliatsikas et al., 2014b),
it might be particularly recruited by explicit learning. This learn-
ing type, even if directly targeted only by traditional classroom
instruction,might also be deployed by late bilinguals during highly
immersed learning. Such an interpretation is in linewith the obser-
vation that younger learners outperform older ones in implicit
learning while older learners are more apt to rely on (and better
in) explicit learning (DeKeyser and Larson-Hall, 2005; Muñoz,
2006).
Regarding other brain regions reported to vary with global
second language proﬁciency, l-STG and l-MFG were until now
only observed to change in a classroom setting (Martensson et al.,
2012). The fact that the second study with a classroom setting
did not replicate these ﬁndings must not be mistaken as con-
ﬂicting evidence, as Osterhout et al. (2008) only performed a
ROI-analysis of l-IPC. When extending the focus to studies on
single L2 domains (like, e.g., Li et al., 2014), the only study that
observed structural changes in these regions when analyzing L2-
learning in a naturalistic setting was conducted by Crinion et al.
(2009) and related l-STG changes to the acquisition of a tonal as
opposed to non-tonal languages. However, in both regions differ-
ential functional activation in L2-processing was also observed in
samples with high L2-immersion (e.g., Parker Jones et al., 2012;
Archila-Suerte et al., 2013). Furthermore, a study on L2-related
WM changes in a highly immersed sample (García-Pentón et al.,
2014) reported connectivity changes in a network including STG.
In the case of STG, its assumed functional role in phonological
processing (Callan et al., 2004; Zheng et al., 2010), additionally
undermines the assumption that naturalistic L2 learning should
be less effective in inducing STG changes. It thus seems likely
that the failure to observe structural changes in these regions
in response to naturalistic L2 learning is merely due a lack of
research on that issue. Thus, future studies directly comparing
naturalistic learning and classroom instruction while control-
ling for differences in AoA and proﬁciency level are necessary
to determine the inﬂuence of L2-immersion on gray matter
changes.
Taken together, the studies on WM changes repeatedly
reported L2-related changes in the CC, the main anatomical link
between left and right hemispheres. Generally, this ﬁnding is in
line with the observation that the language network in bilinguals
seems to be less left lateralized and more bilateral compared to
monolinguals (Hull and Vaid, 2006), while the compatibility with
the assumption that AoA is the most important factor in deter-
mining the degree of lateralization (Hull and Vaid, 2007) seems
less clear. Note that most of the data on CC-changes stems from
group comparisons between bi- and monolinguals,making it hard
to draw inferences about the dynamic of these changes as well as
about the role of the precise proﬁciency level. Regarding the pre-
cise portion of the CC that adapts in response to L2-exposure, the
anterior and anterior-midbody CC seem to be candidate regions:
Coggins reported relative larger anterior-midbody CC, Mohades
et al. (2012) observed lower FA-values in the anterior part of CC
in bilingual children, and a large part of the regions found to be
increasingly interconnected in the study by Schlegel et al. (2012)
are anatomically connected via anterior to mid-CC. However,
there are still inconsistencies and open questions regarding the
factors (e.g., age) inﬂuencing structural changes in CC. Further-
more, both, changes in relative volume (Coggins et al., 2004) as
well as FA-changes (Mohades et al., 2012) may be due to different
axonal characteristics [e.g., myelination, axonal density, axonal
caliber, and ﬁber coherence (Cheng et al., 2010)], thus the pre-
cise nature of the underlying adaptation remain to be further
explored. Considering the effects of naturalistic exposure, the CC
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seems to undergo changes in response to naturalistic L2 learn-
ing (simultaneous bilinguals in Mohades et al., 2012) as well as
during classroom instruction (Coggins et al., 2004; Schlegel et al.,
2012).
Another ﬁber tract adapting when people acquire a second lan-
guage seems to be the IFOF (Mohades et al., 2012). These results
are in line with studies relating the IFOF to semantic processing
(e.g., Duffau, 2008; Martino et al., 2010) as well as with studies on
WM integrity in elderly bilinguals (e.g., Luk et al., 2011a; but see
Gold et al., 2013; for changes in the opposite direction). Very inter-
estingly, when looking closely at the results, IFOF-changes might
bemost pronouncedwhenL2 is learned throughnaturalistic expo-
sure: The group with the most pronounced IFOF-effects in the
study by Mohades et al. (2012) acquired their L2 through natural-
istic exposure and so did the elderly sample in the Luk et al. (2011a)
study. Not in line with this interpretation, however, is the absence
of IFOF changes in the study by García-Pentón et al. (2014), which
examined bilinguals with high levels of L2-immersion. In turn,
García-Pentón et al. (2014) reported increased connectivity in a
left-sided network comprising frontal regions as well as supra-
marginal gyrus, thus a network that is partly connected via the
superior longitudinal fasciculus (SLF). Consistently, the elderly
bilinguals with naturalistic exposure in Luk et al. (2011a) equally
displayed SLF-alterations. This might indicate that immersion in
L2 (in contrast to pure classroom instruction) has a stronger inﬂu-
ence on SLF-changes. A study directly comparing two bilingual
groups with different learning experiences however failed to ﬁnd
SLF differences (Mohades et al., 2012). Thus, future studies are
needed to enlighten the effects of immersion on WM changes.
REFERENCES
Abutalebi, J., and Green, D. W. (2008). Control mechanisms in bilingual language
production: neural evidence from language switching studies. Lang. Cogn. Process.
23, 557–582. doi: 10.1080/01690960801920602
Amunts, K., Schleicher, A., and Zilles, K. (2004). Outstanding language competence
and cytoarchitecture in Broca’s speech region. Brain Lang. 89, 346–353. doi:
10.1016/S0093-934X(03)00360-2
Archila-Suerte, P., Zevin, J., Ramos, A. I., and Hernandez, A. E. (2013). The neural
basis of non-native speech perception in bilingual children. Neuroimage 67, 51–
63. doi: 10.1016/j.neuroimage.2012.10.023
Bialystok, E. (2010). Bilingualism. Wiley Interdiscip. Rev. Cogn. Sci. 1, 559–572. doi:
10.1002/Wcs.43
Callan, D. E., Jones, J. A., Callan, A. M., and Akahane-Yamada, R. (2004). Phonetic
perceptual identiﬁcation by native- and second-language speakers differentially
activates brain regions involved with acoustic phonetic processing and those
involved with articulatory-auditory/orosensory internal models. Neuroimage 22,
1182–1194. doi: 10.1016/j.neuroimage.2004.03.006
Chee, M. W., Hon, N., Lee, H. L., and Soon, C. S. (2001). Relative language
proﬁciency modulates BOLD signal change when bilinguals perform seman-
tic judgments. Blood oxygen level dependent. Neuroimage 13, 1155–1163. doi:
10.1006/nimg.2001.0781
Cheng,Y., Chou,K.H., Chen, I.Y., Fan,Y. T.,Decety, J., andLin,C. P. (2010). Atypical
development of whitemattermicrostructure in adolescents with autism spectrum
disorders. Neuroimage 50, 873–882. doi: 10.1016/j.neuroimage.2010.01.011
Coggins, P. E. III, Kennedy, T. J., and Armstrong, T. A. (2004). Bilingual corpus
callosumvariability. Brain Lang. 89, 69–75. doi: 10.1016/S0093-934X(03)00299-2
Conturo, T. E., Lori, N. F., Cull, T. S., Akbudak, E., Snyder, A. Z., Shimony, J. S., et al.
(1999). Tracking neuronal ﬁber pathways in the living human brain. Proc. Natl.
Acad. Sci. U.S.A. 96, 10422–10427. doi: 10.1073/pnas.96.18.10422
Crinion, J. T., Green, D. W., Chung, R., Ali, N., Grogan, A., Price, G. R., et al.
(2009). Neuroanatomical markers of speaking Chinese. Hum. Brain Mapp. 30,
4108–4115. doi: 10.1002/hbm.20832
Dahl,A., andVulchanova,M.D. (2014). Naturalistic acquisition in an early language
classroom. Front. Psychol. 5:329. doi: 10.3389/fpsyg.2014.00329
DeKeyser, R., and Larson-Hall, J. (2005). “What does the critical period really
mean?,” in Handbook of Bilingualism: Psycholinguistic Approaches, eds J. F. Kroll
and A. M. B. De Groot (New York, NY: Oxford University Press).
Duffau,H. (2008). The anatomo-functional connectivity of language revisited. New
insights provided by electrostimulation and tractography. Neuropsychologia 46,
927–934. doi: 10.1016/j.neuropsychologia.2007.10.025
Duffau, H., Gatignol, P., Mandonnet, E., Peruzzi, P., Tzourio-Mazoyer, N., and
Capelle, L. (2005). New insights into the anatomo-functional connectivity of the
semantic system: a study using cortico-subcortical electrostimulations. Brain 128,
797–810. doi: 10.1093/brain/awh423
García-Pentón, L., Perez Fernandez, A., Iturria-Medina, Y., Gillon-Dowens, M., and
Carreiras, M. (2014). Anatomical connectivity changes in the bilingual brain.
Neuroimage 84, 495–504. doi: 10.1016/j.neuroimage.2013.08.064
Gold, B. T., Johnson, N. F., and Powell, D. K. (2013). Lifelong bilingual-
ism contributes to cognitive reserve against white matter integrity declines in
aging. Neuropsychologia 51, 2841–2846. doi: 10.1016/j.neuropsychologia.2013.
09.037
Golestani, N., Molko, N., Dehaene, S., Lebihan, D., and Pallier, C. (2007). Brain
structure predicts the learning of foreign speech sounds. Cereb. Cortex 17, 575–
582. doi: 10.1093/cercor/bhk001
Grosjean, F., and Li, P. (2013). The Psycholinguistics of Bilingualism. New York, NY:
Wiley-Blackwell.
Hull, R., and Vaid, J. (2006). Laterality and language experience. Laterality 11,
436–464. doi: 10.1080/13576500600691162
Hull, R., and Vaid, J. (2007). Bilingual language lateralization: a meta-
analytic tale of two hemispheres. Neuropsychologia 45, 1987–2008. doi:
10.1016/j.neuropsychologia.2007.03.002
Klein, D., Mok, K., Chen, J. K., and Watkins, K. E. (2014). Age of language learning
shapes brain structure: a cortical thickness study of bilingual and monolingual
individuals. Brain Lang. 131, 20–24. doi: 10.1016/j.bandl.2013.05.014
Le Bihan, D., Mangin, J. F., Poupon, C., Clark, C. A., Pappata, S., Molko, N., et al.
(2001). Diffusion tensor imaging: concepts and applications. J. Magn. Reson.
Imaging 13, 534–546. doi: 10.1002/Jmri.1076
Li, P., Legault, J., and Litcofsky, K. A. (2014). Neuroplasticity as a function of second
language learning: anatomical changes in the human brain. Cortex 58, 301–324.
doi: 10.1016/j.cortex.2014.05.001
Lovden, M., Wenger, E., Martensson, J., Lindenberger, U., and Backman, L. (2013).
Structural brain plasticity in adult learning and development. Neurosci. Biobehav.
Rev. 37, 2296–2310. doi: 10.1016/j.neubiorev.2013.02.014
Luk, G., Bialystok, E., Craik, F. I., and Grady, C. L. (2011a). Lifelong bilingualism
maintains white matter integrity in older adults. J. Neurosci. 31, 16808–16813.
doi: 10.1523/JNEUROSCI.4563-11.2011
Luk, G., Green, D. W., Abutalebi, J., and Grady, C. (2011b). Cognitive con-
trol for language switching in bilinguals: a quantitative meta-analysis of
functional neuroimaging studies. Lang. Cogn. Process. 27, 1479–1488. doi:
10.1080/01690965.2011.613209
Mandonnet, E., Nouet, A., Gatignol, P., Capelle, L., and Duffau, H. (2007). Does the
left inferior longitudinal fasciculus play a role in language? A brain stimulation
study. Brain 130, 623–629. doi: 10.1093/brain/awl361
Martensson, J., Eriksson, J., Bodammer, N. C., Lindgren, M., Johansson, M.,
Nyberg, L., et al. (2012). Growth of language-related brain areas after foreign
language learning. Neuroimage 63, 240–244. doi: 10.1016/j.neuroimage.2012.
06.043
Martino, J., Brogna, C., Robles, S. G., Vergani, F., and Duffau, H. (2010).
Anatomic dissection of the inferior fronto-occipital fasciculus revisited in the
lights of brain stimulation data. Cortex 46, 691–699. doi: 10.1016/j.cortex.2009.
07.015
May, A. (2011). Experience-dependent structural plasticity in the adult human
brain. Trends Cogn. Sci. 15, 475–482. doi: 10.1016/j.tics.2011.08.002
Mechelli, A., Crinion, J. T., Noppeney, U., O’Doherty, J., Ashburner, J., Frackowiak,
R. S., et al. (2004). Neurolinguistics: structural plasticity in the bilingual brain.
Nature 431, 757. doi: 10.1038/431757a
Mohades, S. G., Struys, E., Van Schuerbeek, P., Mondt, K., Van De Craen, P.,
and Luypaert, R. (2012). DTI reveals structural differences in white matter
tracts between bilingual and monolingual children. Brain Res. 1435, 72–80. doi:
10.1016/j.brainres.2011.12.005
Frontiers in Psychology | Language Sciences October 2014 | Volume 5 | Article 1116 | 6
Stein et al. Structural changes, bilingualism and immersion
Muñoz, C. (2006). “The effects of age on foreign language learning: the BAF project,”
in Age and the Rate of Foreign Language Learning, ed. C. Munoz (Great Britain:
Cromwell Press), 1–40.
Osterhout, L., Poliakov, A., Inoue, K., Mclaughlin, J.,Valentine, G., Pitkanen, I., et al.
(2008). Second-language learning and changes in the brain. J. Neurolinguistics 21,
509–521. doi: 10.1016/j.jneuroling.2008.01.001
Parker Jones, O., Green, D. W., Grogan, A., Pliatsikas, C., Filippopolitis, K., Ali,
N., et al. (2012). Where, when and why brain activation differs for bilinguals
and monolinguals during picture naming and reading aloud. Cereb. Cortex 22,
892–902. doi: 10.1093/cercor/bhr161
Perani, D., Abutalebi, J., Paulesu, E., Brambati, S., Scifo, P., Cappa, S. F., et al.
(2003). The role of age of acquisition and language usage in early, high-proﬁcient
bilinguals: an fMRI study during verbal ﬂuency. Hum. Brain Mapp. 19, 170–182.
doi: 10.1002/hbm.10110
Pliatsikas, C., Johnstone, T., and Marinis, T. (2014a). Grey matter volume in the
cerebellum is related to the processing of grammatical rules in a second lan-
guage: a structural voxel-based morphometry study. Cerebellum 13, 55–63. doi:
10.1007/s12311-013-0515-6
Pliatsikas, C., Johnstone, T., and Marinis, T. (2014b). FMRI evidence for the involve-
ment of the procedural memory system in morphological processing of a second
language. PLoS ONE 9:e97298. doi: 10.1371/journal.pone.0097298
Raboyeau, G., Marcotte, K., Adrover-Roig, D., and Ansaldo, A. I. (2010). Brain
activation and lexical learning: the impact of learning phase and word type.
Neuroimage 49, 2850–2861. doi: 10.1016/j.neuroimage.2009.10.007
Ressel, V., Pallier, C., Ventura-Campos, N., Díaz, B., Roessler, A., Ávila, C., et al.
(2012). An effect of bilingualism on the auditory cortex. J. Neurosci. 32, 16597–
16601. doi: 10.1523/JNEUROSCI.1996-12.2012
Rodriguez-Fornells, A., Cunillera, T., Mestres-Misse, A., and De Diego-Balaguer,
R. (2009). Neurophysiological mechanisms involved in language learning in
adults. Philos. Trans. R. Soc. Lond. B Biol. Sci. 364, 3711–3735. doi:
10.1098/rstb.2009.0130
Rosenzweig, M. R., Bennett, E. L., and Diamond, M. C. (1972). Brain changes
in response to experience. Sci. Am. 226, 22–29. doi: 10.1038/scientiﬁcamerican
0272-22
Rosenzweig, M. R., Krech, D., Bennett, E. L., and Zolman, J. F. (1962). Variation
in environmental complexity and brain measures. J. Comp. Physiol. Psychol. 55,
1092–1095. doi: 10.1037/h0042758
Sakai, K. L., Miura, K., Narafu, N., and Muraishi, Y. (2004). Correlated functional
changes of the prefrontal cortex in twins induced by classroom education of
second language. Cereb. Cortex 14, 1233–1239. doi: 10.1093/cercor/bhh084
Schlegel, A. A., Rudelson, J. J., and Tse, P. U. (2012). White matter structure
changes as adults learn a second language. J. Cogn. Neurosci. 24, 1664–1670.
doi: 10.1162/jocn_a_00240
Stein, M., Dierks, T., Brandeis, D., Wirth, M., Strik, W., and Koenig, T.
(2006). Plasticity in the adult language system: a longitudinal electrophysi-
ological study on second language learning. Neuroimage 33, 774–783. doi:
10.1016/j.neuroimage.2006.07.008
Stein, M., Federspiel, A., Koenig, T., Wirth, M., Lehmann, C., Wiest, R.,
et al. (2009). Reduced frontal activation with increasing 2nd language proﬁ-
ciency. Neuropsychologia 47, 2712–2720. doi: 10.1016/j.neuropsychologia.2009.
05.023
Stein, M., Federspiel, A., Koenig, T., Wirth, M., Strik, W., Wiest, R., et al.
(2012). Structural plasticity in the language system related to increased sec-
ond language proﬁciency. Cortex 48, 458–465. doi: 10.1016/j.cortex.2010.
10.007
Zatorre, R. J., Fields, R. D., and Johansen-Berg, H. (2012). Plasticity in gray and
white: neuroimaging changes in brain structure during learning. Nat. Neurosci.
15, 528–536. doi: 10.1038/nn.3045
Zheng, Z. Z., Munhall, K. G., and Johnsrude, I. S. (2010). Functional over-
lap between regions involved in speech perception and in monitoring one’s
own voice during speech production. J. Cogn. Neurosci. 22, 1770–1781. doi:
10.1162/jocn.2009.21324
Conflict of Interest Statement:The authors declare that the research was conducted
in the absence of any commercial or ﬁnancial relationships that could be construed
as a potential conﬂict of interest.
Received: 20 June 2014; accepted: 15 September 2014; published online: 02 October
2014.
Citation: Stein M, Winkler C, Kaiser A and Dierks T (2014) Structural brain
changes related to bilingualism: does immersion make a difference? Front. Psychol.
5:1116. doi: 10.3389/fpsyg.2014.01116
This article was submitted to Language Sciences, a section of the journal Frontiers in
Psychology.
Copyright © 2014 Stein, Winkler, Kaiser and Dierks. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal is cited,
in accordance with accepted academic practice. No use, distribution or reproduction is
permitted which does not comply with these terms.
www.frontiersin.org October 2014 | Volume 5 | Article 1116 | 7
